A method has been developed for the synthesis of γ-butyrolactone substituted cinnamyl type Aldol condensation products under milder proline and triethylamine basic conditions. The antioxidant activity of all the synthesized compounds was assessed using three different assays. The cinnamyl type derivatives of γ-butyrolactone bearing an -OH group in the benzene ring exhibited excellent antioxidant activity.
Limonene (1) is a naturally abundant monoterpene available from citrus peels oil, and the γ-butyrolactone derivative (3) has been observed as the oxidation by product from limonene [1] . Gamma butyrolactones are important motifs found in several biologically active natural products and pharmaceuticals. These scaffolds are very common in antiallergic, antineoplastic, antifungal, antimalarial [2, 3] , and gastroprotective drugs as well as in new inhibitors of phosphodiesterase and HIV-1 protease [4] . Gamma butyrolactones are more lipophilic than their corresponding acids, therefore absorb faster and have higher bioavailability. On the other hand, Aldol condensation is widely considered for the preparation of α,βunsaturated carbonyl compounds and has attracted a great deal of attention for synthetic organic chemists [5] . The bifunctional unit of α,β-unsaturated carbonyl compounds is one of the main structural components in various naturally occurring and biologically active substances, such as cinnamic acid type phenolics and chalcone derivatives [6] . Due to inductive polarization of the carbonyl group at the β-position, the α,β-unsaturated enones are important intermediates in various addition reactions of nucleophiles [7] .
For the last few years, we have been engaged with the synthesis and biological activities of different amines, thiazole, thiazole amide, sulphonamide and fused heterocyclic imidazothiazole substituted γ-butyrolactone derivatives starting from naturally occurring limonene [1] . Hence, in continuation of our previous work, herein, we report the synthesis of γ-butyrolactone substituted aldol condensation derivatives from naturally occurring limonene and their evaluation for antioxidant activity using DPPH, ABTS and FRAP assays.
Claisen-Schmidt condensation under strongly basic conditions is normally employed for the preparation of α,β-unsaturated compounds from aromatic aldehydes and ketones. However, the lactone ring of 3 was highly base sensitive and strong bases such as NaOH and KOH are not favorable to conduct the reaction. Therefore, it was challenging to introduce α,β-unsaturation in the side chain of compound 3. To achieve this, different bases were used, and it was observed that ring opening was taking place with primary amines whereas secondary and tertiary amines did not affect the lactone ring [1] . With this clue, we developed a method using a combination of L-proline and triethylamine for the formation of γ-butyrolactone substituted aldol condensation product 5 ( Table 1 ). The formation of α,β-unsaturated compounds catalyzed by proline is proposed to be carried out via an enamine mechanism [8] .The data obtained for the optical rotations of compounds 1-3 ( Figure 1 ) suggested that the limonene isolated from citrus peels was a mixture of both -d and -l isomers, with the -d isomer predominant. Hence the subsequent sign for the optical rotation of compound 3 indicated it to be a mixture of enantiomers with one major isomer. It indicated that the aldol condensation product obtained from 3 also contained one major isomer, with the same optical rotation sign as 5.
The condensation products formed had structural similarity with cinnamic acid and chalcone derivatives. Therefore, only hydroxy and methoxy derivatives of benzaldehyde were taken for the preparation of different substituted condensation products, which could be potent for antioxidant compounds. Considering the yields of product, no significant electronic effect was observed for the reaction with the numbers and positions of -OH and -OCH 3 substitution on the aromatic ring. Compound 5b ( Table 1 , entry 2), with an electron donating group at the para position, was obtained in slightly higher yield than 5a. The steric hindrance due to ortho substitution ( Table 1 entries 5, 7 and 8) did not affect the yields of the products. The substitutions of hydroxyl groups (m-and/or p-) on the aromatic ring ( Table 1 , entries 3-7) did not produce any effect on the yields of the Aldol condensation products. In the present study, three commonly used bioassays viz. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging, ABTS [2,2′azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt] cation radical and FRAP (ferric reducing ability of plasma) were used to determine the antioxidant potential of compounds 5a-5h. Table 2 depicts that compound 5f was the only one to scavenge the DPPH free radical (IC 50 : 0.37±0.24 mM) effectively. Its activity was comparable with that of butylated hydroxyl anisole (BHA) and higher than that of ascorbic acid (AA) and butylated hydroxyl toluene (BHT). Table 2 shows that compounds 5d-5g (IC 50 : 0.26±0.39 to 0.84±0.18) exhibited good antioxidant activity, and 5e and 5f, with IC 50 : 0.26±0.39 and 0.29±0.26 mM, displayed higher activity than the standard antioxidants.
Compound 5f exhibited the highest antioxidant activity (IC 50 : 0.11±0.27 mM), even higher than that of the standard antioxidants i.e. AA, BHT and BHA (IC 50 : 0.18±0.34 to 2.88±0.29 mM) ( Table  2 ). The results obtained from the DPPH assay were consistent with the FRAP assay. The antioxidative activity of this compound lends further support to the fact that the cinnamyl system is more important for antioxidative activity. Among the Aldol derivatives of γ-butyrolactone compounds, the two hydroxyl group bearing derivatives were more active in the DPPH and FRAP assays than the other derivatives. Whereas, in the ABTS assay the compounds having at least one -OH groups (except 5c) were able to scavenge free radicals.
Antioxidative property depends upon the ability to donate free electrons or hydrogen radicals and thus stabilizing the free radicals in the system through delocalization of the radical. The presence of an hydroxyl or methoxy group at the ortho position facilitates the stabilization of the radical and thus the antioxidant activity. This would also contribute to the formation of the complex with transition metal ions. Considering these possibilities, an explanation for the potent antioxidant activity of 5f could be possibly due to stabilization of the radical that is formed after hydrogen abstraction. As shown in Figure 2 , the free electron that is generated due to hydrogen abstraction of one of the hydroxyl groups can be delocalized over seven (I-VII) canonical forms. This involves the delocalization of the free radical from the benzene ring to the conjugated double bond and the formation of a keto enol of the carbonyl group. In this way, the unpaired electron is transferred to the carbonyl group. Hence, the cinnamyl type derivatives of butyrolactone bearing an -OH group in the benzene ring exhibited excellent antioxidant activity. In summary, a method was developed to synthesize γ-butyrolactone substituted aldol condensation derivatives under milder basic conditions using proline and triethylamine. The results show that the compounds devoid of -OH groups on the benzene ring were poor antioxidants and the presence of at least one free hydroxyl group is essential for the antioxidant activity.
Experimental
General: Commercial grade reagents were used without further purification. Solvents were dried and distilled following usual protocols. Column chromatography (CC) was carried out using silica gel (60-120 mesh). TLC was performed on aluminum plates coated with silica gel 60 with F 254 indicator. The 1 H NMR and 13 C NMR spectra were recorded at 300 and 75 MHz, respectively, and chemical shifts are expressed in parts per million (δ). High resolution mass spectra (HRMS) were obtained under positive electron spray ionization (m/z values are given). Optical rotation was measured with a Horiba Sepa-300 Polarimeter.
General procedure for the synthesis of 5a-5h: A mixture of compound 3 (0.52 mmol), an aldehyde (0.61 mmol) and proline Synthesis of γ-butyrolactone substituted aldol condensation derivatives Natural Product Communications Vol. 7 (9) 2012 1129 (0.075 mmol)-TEA (0.15 mmol) in 1.0 mL of anhydrous CH 3 OH was stirred at room temperature for 24 h. The completion of the reaction was monitored by TLC and LC-MS. The reaction mixture was dried in a rotary evaporator to remove the solvent and the resulting mixture was purified by silica gel CC and fractions were collected and concentrated in vacuo to provide products 5a-5h. -4-(3-oxo-5-phenyl-pent-4-enyl) 
5,5-Dimethyl

4-[5-(4-Methoxy-phenyl)-3-oxo-pent-4-enyl]-5,5-dimethyldihydrofuran-2-one (5b)
Oily liquid (0.139 g, 85%). 
Antioxidant activity:
The antioxidant activity using DPPH, ABTS and FRAP assays was assessed using the same methods as described in an earlier report [9] .
